Low temperature scanning tunneling microscopy is used to image the doped topological insulator FexBi2−xSe3. Interstitial Fe defects allow the detection of quasiparticle interference (QPI), and the reconstruction of the empty state band structure. Quantitative comparison between measured data and density functional theory calculations reveals the unexpected coexistence of quantum well states (QWS) with topological surface states (TSS) on the atomically clean surface of FexBi2−xSe3. Spectroscopic measurements quantify the breakdown of linear dispersion due to hexagonal warping. Nonetheless, both QWS and TSS remain spin-polarized and protected from backscattering to almost 1 eV above the Dirac point, suggesting their utility for spin-based applications.
Topological insulators (TIs), recently discovered materials with insulating bulk and topologically protected helical Dirac surface states, have generated widespread excitement due to proposed applications such as dissipationless spintronics, ambipolar transistors, and faulttolerant quantum computers [1] [2] [3] . Many of these applications hinge on the predicted ability to preserve spin information without backscattering. Bi 2 Se 3 has attracted particular attention due to the accessibility of its Dirac point within a relatively large ∼300 meV bulk band gap [4] , and the availability of additional quantum well surface states [5] [6] [7] [8] [9] [10] [11] [12] [13] which may be spin-polarized by a large Rashba effect [14, 15] . However, spin-polarized quantum well states (QWS) depend sensitively on adsorbents, and have not been observed on clean surfaces. More generally, little is known about the empty state band structure of Bi 2 Se 3 , which is inaccessible to angle-resolved photoemission spectroscopy (ARPES). For both topological surface states (TSS) and QWS, it remains crucial to characterize the high energy extent to which they remain linearly dispersing, spin-polarized, and protected against surfacebulk scattering [16, 17] and backscattering [18] .
Scanning tunneling microscopy (STM) can provide real space images of both filled and empty states and their local relationship to surface and near-surface impurities. STM also provides access to momentum space information via quasiparticle interference (QPI) imaging. When quasiparticle states of energy ε scatter elastically from impurities, the interference between initial and final quasiparticle wavevectors k i and k f can result in a standing wave pattern with wavevector q = k f − k i at energy ε. The observed dispersion of q(ε), and the inversion of q(ε) to find k(ε), has established QPI as a reliable k-space probe [19] . Indeed, QPI imaging has been used to demonstrate the protection against backscattering [20, 21] and the high energy breakdown of linear dispersion in pristine Bi 2 Te 3 [22] , as well as the onset of backscattering in Fe x Bi 2−x Te 3 [23] . However, dispersing QPI in Bi 2 Se 3 has been elusive [17, 24, 25] , appearing only in a limited energy range with inconsistent velocity [26] [27] [28] . Therefore, the high energy band structure and scattering mechanisms of Bi 2 Se 3 are unknown.
Here we address these issues using STM measurements of bulk Fe x Bi 2−x Se 3 , coupled with density functional theory (DFT). Previous experiments focused on the magnetic properties of bulk Fe dopants via transport [29] , ARPES [30] , or µSR and magnetization measurements [31] ; or adsorbed Fe [6, [32] [33] [34] ; or Fe dopants in thin films [35] . In this first STM study of bulk Fe x Bi 2−x Se 3 , we report multiple dispersing QPI modes, which give the first access to the full high energy band structure, up to 1 eV above the Dirac point. Furthermore, we provide the first real space evidence for the coexistence of QWS and TSS on the pristine surface of a bulk material. Finally, we demonstrate the absence of backscattering of the QWS, and we report the relationship of scattering between TSS, QWS, and bulk. All of these observations are enabled by interstitial Fe in the van der Waals (vdW) gap between adjacent Bi 2 Se 3 quintuple layers (QLs).
We studied Fe x Bi 2−x Se 3 single crystals with nominal x = 0 [36] and 0.07 [31] . Samples were cleaved in vacuum at T ∼ 40 K and immediately inserted into our home-built STM at 4 K. Topographic images were obtained in constant current mode (I s ) at a fixed sample bias (V s ). Differential conductance dI/dV , proportional to the local density of states, was measured at a fixed tipsample distance using a standard lockin technique. Theoretical calculations were performed using the linearized augmented-plane-wave method in the WIEN2K packages [37] and an ab initio DFT slab method [38] . Topographic images of flat terraces of Fe x Bi 2−x Se 3 reveal multiple species of three-fold symmetric defects, segregated into three distinct micron-scale regions, and typified in Figs. 1(a-c) . Region I is dominated by the same Se vacancies and Bi Se antisite defects seen in "pristine" Bi 2 Se 3 [39, 40] . Region II is dominated by Fe substitutions in the top two Bi layers, Fe Bi1 and Fe Bi2 [35] . Region III is dominated by two larger defects, detailed in Figs. 1(d-e). The first ("type-A"), centered between topmost Se atoms, was identified as an interstitial Fe [35] . The second ("type-B"), centered on a topmost Se atom, has not been previously observed. Based on their vertexto-vertex distance of 6a 0 = 2.4 nm, and the assumption that their perturbations propagate primarily along the ppσ chains extending out and upwards to the surface [39] , we conclude that both defects in region III are Fe interstitials at inequivalent sites within the vdW gap beneath the top QL. The density of atomic Fe defects in regions II and III is lower than the nominal doping by a factor of ∼ 100, but occasional Fe clusters do appear [41] .
The low Fe concentration is consistent with the small size of Fe 3+ compared to Bi 3+ , which makes it difficult to dope [42] . The spatial separation of distinct impurities can be understood from calculations showing that Fe substitution in Bi 2 Se 3 is allowed only in Se-rich conditions [42, 43] , which also inhibit the formation of Se vacancies [44, 45] . On the other hand, Fe interstitials are not energetically favored under any Bi/Se ratio. Such interstitials may appear due to kinetic constraint where the local growth temperature is too low for Fe to overcome the energy barrier to substitute for Bi [42] .
We now focus on the electronic structure in region III. The dI/dV maps in Figs. 2(a-c) display clear QPI patterns, particularly around the new type-B interstitials. The QPI has three remarkable features. First, the scattering modes appear at unexpected high energy levels, almost 1 eV above the Dirac point. At such high energies the band structure of Bi 2 Se 3 was expected to consist of bulk continuum states and was not expected to have a well-defined TSS [20, 46] . Second, the Fourier transform dI/dV maps in Figs. 2(d-f) show no dispersing Γ-K modes, but two Γ-M modes (q 1 and q 2 ) which disperse with similar slope but ∼0.1 eV relative offset. To better isolate the dispersing Γ-M modes from the longwavelength dopant disorder (presumed to be isotropic), we plot I(q Γ−M ) − I(q Γ−K ) as a function of bias voltage V s and wavevector q in Fig. 2(g) . Third, the Γ-M mode velocities, v qM ∼ 1.1 − 1.3 eVÅ, are substantially smaller than the ARPES-measured TSS velocity near the Dirac point (v DP = 3.5 eVÅ) [47] . Finally, we emphasize that QPI is observed only in region III.
We argue that the parallel Γ-M scattering modes in Fig. 2 (g) demonstrate a remarkable extension of both TSS and QWS, far above the energy range accessible to ARPES [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . To support this claim, Fig. 3(a) shows our calculated band structure in a 5QL slab, the minimal system which prevents interactions between top and bottom surfaces, but also supports QWS with depth comparable to fits of ARPES data [5, 7, 14] and the independently measured bulk screening length [48] . (We also checked that the calculated band velocity here is a robust feature, nearly independent of the slab thickness [41] .) Constant energy contours (CECs) in Figs. 3(c-e) show the hexagonal warping [49] which emerges at high energy in both TSS and QWS, along with the expected spin texture of these states [15] . Similar to previous studies on Bi 2 Te 3 [20] [21] [22] , scattering in Bi 2 Se 3 is expected to depend on the warping of the CECs, with a dominant mode emerging between two adjacent M -oriented corners of the hexagram (denoted by q M ). Because these corners are separated by an angle of π/3, the velocity of q M should well approximate the band velocity along the Γ-M direction: [41] . Furthermore, the warping of TSS and QWS in Figs. 3(c-e) evolves similarly, but shifted in energy, akin to the parallel scattering modes observed in Fig. 2(g) . Indeed, Fig. 3(b) shows excellent quantitative agreement between our STM scattering data and DFT calculations, confirming that q 1 and q 2 modes arise from scattering between adjacent M -oriented corners of the CECs of the TSS and QWS1, respectively.
Spectroscopic evidence further supports the presence of QWS. In Fig. 4(a) , the spatially averaged dI/dV spectrum from region III shows three distinct kinks over the same energy range as the observed QPI. These kinks are qualitatively well reproduced in Fig. 4(b) , which shows the momentum-integrated density of states from the DFT band structure in Fig. 3(a) . By comparison with Fig. 3(a) , we see that the three kinks in the DOS occur near the three energies where the linear dispersions of the TSS, QWS1, and QWS2 bands break down.
Despite the breakdown of linear dispersion and the onset of bulk bands, both TSS and QWS remain unexpectedly robust against backscattering and surface-bulk scattering. We observe no dispersing Γ-K modes throughout the measured energy range, which rules out backscattering and indicates the spin polarization of the bands to almost 1 eV above the Dirac point. We observe one weak, non-dispersing Γ-K mode around V s = 300 − 400 meV above [41] . Previous studies ascribed non-dispersing QPI modes to surface-bulk scattering in Bi 2 Se 3 [17] . However, our observed wavevector q K ∼ 0.44Å −1 corresponds very nearly to the 2 √ 3a distance from the bright center to the lobes of the type-B interstitial Fe defects, which is determined simply by the bond geometry of the impurity [39] . We therefore find no evidence of backscattering or surface-bulk scattering deteriorating the TSS or the QWS at high energy in Bi 2 Se 3 .
Finally, we comment on the origin of QWS. Previously observed QWS in Bi 2 Se 3 were believed to arise from band bending due to charged adsorbents [7-9, 14, 15] , or vdW gap expansion due to burrowing adsorbents [10, 50] . Here we have reported the first evidence of QWS at the clean surface of a bulk crystal. Fe interstitials may induce QWS at the clean surface of bulk Fe x Bi 2−x Se 3 by two mechanisms: (1) their ionization to Fe 3+ would donate three electrons to induce downward band bending [35] ; (2) their cores would physically expand the vdW gap. Either mechanism supposes vertical dopant inhomogeneity, in keeping with the lateral inhomogeneity demonstrated in Fig. 1 . (The tip itself can't be responsible for the the observed QWS, because the tip's positive bias can't cause the downward band bending required to induce QWS in the bulk conduction band.)
In conclusion, our STM/STS study of Fe x Bi 2−x Se 3 provides fundamental new information about the empty state band structure of Bi 2 Se 3 . Scattering from a previously unobserved interstitial Fe defect allowed QPI imaging and band structure reconstruction up to 1 eV above the Dirac point, from which we draw three main conclusions. First, quantitative comparison between our QPI data and DFT calculations proves the unexpected appearance of QWS, coexisting with TSS, at the clean surface of a bulk material. These well-defined surface states persist to almost 1 eV above the Dirac point, overlap- 
(color online). (a) Calculated band structure of a 5QL slab with the TSS and first two QWS in blue, green and red, respectively. (b) Comparison between the calculated high-energy Γ-M bands and the measured dispersions of the two QPI modes. The grey circles and horizontal bars represent the centers and widths of Gaussian fits to the intensity profile at each bias in Fig. 2(g) . The measured Dirac point bias VDP is -0.35 V [41] . The energy offset between left and right axes represents a rigid band shift which arises from our approximation of the near-surface potential gradient as a square well in our DFT calculations. (c-e) Constant energy contours at energies spanning the transition from dominant TSS scattering (q1) to dominant QWS1 scattering (q2). The color scale is defined by the density of states of the top five atomic layers in a 5QL slab. The expected spin texture due to Rashba-like spin splitting (not included in the calculation) is sketched by white arrows. ping by ∼ 0.6 eV with the bulk conduction band, but showing no evidence of backscattering. Second, distinctive kinks in dI/dV spectra reveal the breakdown of linear dispersion for TSS and the first two QWS. The new high-energy velocity is 3× smaller than the velocity near the Dirac point, and is consistent with our DFT calculations. Third, the absence of dispersing Γ-K scattering demonstrates the protection of both TSS and QWS against backscattering, well beyond the breakdown of linear dispersion, even in the presence of sparse Fe dopants. Our results suggest that interstitial defects in the vdW gap of Bi 2 Se 3 can lead to the coexistence of protected spin-polarized QWS and TSS over a wide energy range, far outside the bulk band gap. These discoveries bode well for the controlled use of spins in future devices.
We benefited from computational resources provided by Ilya Elfimov. [5, 14] is beyond the scope of this work, the calculated DOS kinks arising from the simple square well potential with thickness 5QL, 6QL, or 8QL all show excellent qualitative agreement with the measured data in main text Fig. 4a .
